The influence of small scale soil heterogeneity on the hydraulic performance of infiltration based 4 SUDS was studied using field data from a clayey glacial till and groundwater simulations with the 5 integrated surface water and groundwater model HydroGeoSphere. Simulations of homogeneous 6 soil blocks with hydraulic properties ranging from sand to clay showed that infiltration capacities 7 vary greatly for the different soil types observed in glacial till. The inclusion of heterogeneities 8 dramatically increased infiltration volume by a factor of 22 for a soil with structural changes above 9 and below the CaC0 3 boundary. Infiltration increased further by 8% if tectonic fractures were 10 included and by another 61% if earthworm burrows were added. Comparison of HydroGeoSphere 11 infiltration hydrographs with a simple soakaway model (Roldin et al. 2012) showed similar results 12 for homogenous soils but indicated that exclusion of small scale soil physical features may greatly 13 underestimate hydraulic performance of infiltration based SUDS.
Introduction
capillary barriers in the vadose zone (Wang and Narasimhan 1985) . Preferential flow patterns can 48 be identified with the help of dye tracer experiments (Jørgensen et al. 2002) . 99 To characterize the properties of local small scale soil physical features and to determine the 100 macropore distribution, a tracer experiment was carried out in May 2012. The observed macropore 101 distribution is incorporated into the modeling simulations for a realistic prediction of infiltration behavior. Brilliant Blue was used as a tracer and applied to a 2.0 m x 0.5 m area. Before tracer Figure 2 . Left: set-up of tracer experiment to determine fracture and earthworm burrow distribution.
Tracer test

117
Middle: exposure of vertical wall four days after tracer application for macropore analysis. Right: 118 counting of earthworm burrows with the help of a 5 cm x 5 cm grid in a wooden frame. 120 This study employed HydroGeoSphere which is a three-dimensional control-volume finite element 121 model that simulates surface water flow and unsaturated flow in discretely fractured or non-122 fractured porous media. Unsaturated flow is simulated by a modified form of Richards' Equation:
Model simulations
123 −∇ (− • ∇( + )) + ⌈ ± = (  (1) porous medium is coupled with an overland domain and surface flow is described by the diffusion-133 wave approximation of the Saint Venant equations:
where ∅0 is the surface porosity, ̅ xo and ̅ yo are the vertically averaged flow velocity in the x and y 136 directions, respectively, d o is the water depths, ⌈ o is the fluid exchange rate with the subsurface, and 137 Q o is a surface fluid source or sink (Therrien et al. 2009 ).
138
The infiltration rates and emptying times simulated by HydroGeoSphere were compared to those where n is the porosity of the soakaway filling material, l is the length of the soakaway, w is the 143 width of the soakaway, h is the water level in the soakaway, t is the time and Q in and Q out are the 144 inflow and outflow rates from the soakaway. Q out is the sum of the overflow rate and the infiltration 145 rate. The infiltration rate f is assumed to be equal to the product between the hydraulic conductivity 146 and the wetted area of the soakaway:
where k is the soil hydraulic conductivity and klw represents the infiltration from the bottom of the 149 soakaway whereas k2h(l+w) the infiltration from the sides. The storage volume is described as simulations, and the infiltration rates and difference in soakaway emptying time compared for the 2 153 models. 156 To assess the variability of the infiltration capacity at the site, four 150 cm thick homogenous 157 domains were set up to reflect the most dominant soil types sampled at the site Soil physical 158 parameters were used to determine retention function parameters using the data provided by Carsel 159 and Parrish (1988) (see Table 1 ). The same parameters were used in the soakaway models of Roldin till is the dominant sediment type on the study area and so was used for the base scenario.
Model domains
169
In the heterogeneous simulations, the model was subdivided into two distinct layers (above and 170 below CaCO 3 boundary). Randomly oriented desiccation fractures occur in the zone above the Table  Table 1 The results of the field investigations are presented in Figure 3 . However, there is a significant difference in the initial shape of the hydrograph.
228
Results show the differences within the water balance for the different soil types with clear 229 differences in infiltration behavior over time. Except for the sandy soil, stormwater input exceeds 230 the infiltration capacity and water accumulates on the surface. By examining the area under the 231 curves, the sandy soil can be seen to handle 94% more water than the lacustrine clay. 
235
The soakaway emptying time obtained from the two models is shown in Figure 6 displays the infiltration behavior for the heterogeneous clayey till scenarios presented in 242 Figure 4 for two different stormwater inputs (0.25 cm/min over 100 min and 0.70 cm/min over 100 243 min).
244
As expected, infiltration capacity is increasing when soil structural features such as macropores are 245 included. In the first scenario the capacity of biopore infiltration is not surpassed. The effect of 246 preferential pathways on soakaway emptying times is presented in Table 3 . For the second scenario 247 emptying times vary between 17 days in a homogenous soil and 100 minutes in a soil with CaCO 3 -248 boundary, fractures and biopores.
249 Table 3 . Emptying times obtained from HydroGeoSphere for four different clayey till domains and 250 two flux-boundary conditions. At a water inflow rate of 70 cm/min a 22-fold increase in infiltration volume was observed in the 259 clayey till column when the CaCO 3 boundary and desiccation fractures were included as compared 260 to the homogenous clayey soil. Infiltration shows a further increase in volume by 8% in a fractured 261 soil and an increase by another 61% in a fractured soil perforated with earthworm burrows during 262 the duration of stormwater input. Figure 6 . Infiltration rates for different clayey till domains and two inflow-boundary conditions.
265
Left: Water application rate is 0.25cm/min. Right: Water application rate is 0.70 cm/min (right).
267
The importance of earthworm burrows for enhanced infiltration was also shown in the saturation 268 profiles shortly before and after the rain event ( Figure 7) . Drainage (decrease in saturation) was 269 faster along the biopores compared to drainage along the tectonic fractures and in the matrix. cases it can be advantageous to employ a dual porosity approach (Samardzioska and Popov 2005).
296
A dual porosity approach divides the domain into two separate pore systems, the porous matrix and 297 the fractures, with separate hydraulic and transport properties. They interact by exchanging water 298 and solutes in response to pressure head and concentration gradients (Gerke and van Genuchten
The simulations did not account for a potential biopore coating. Several studies indicate that walls
